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LIST OF SYMBOLS

2 — Electrical current density

fd. — Electrical permeability

8 - Magnetic induction

F — Force

J — vertical distance

By~ magnetic induction in the x direction
E - Electric intensity

£ - time

P- resistivity

Iv- velocity

V:— velocity in the vertical direction

I — Electrical current

V-— Capacitor voltage before discharge
XL“ Inductive reactance

R - Electrical resistance

L - inductance

42-— magnetic flux

Y — average coil radius

/-— water density
v

Cw—water acoustic speed
AP— driver plate cross-sectional area

mP~ driver plate mass



1.0 Introduction

The magnetic hammer principle has been established and used success-

fully., Some theoretical considerations were given (1), (2) and the problem

has been generally related to magnetic forming,

One of the methods suggested was the following: A ''pancake' magnetic
coil is placed over a thin aluminum driver plate; with the discharge of high
energy current through the coil (10, 20,50 K joules) the driver plate is re-
pulsed away from the coil at a high rate of acceleration, If the whole
assembly was immersed in liquid (i. e. water), and a tube was placed so
that the driver plate is guided, a pressure wave is generated in the water,
If, in addition, a thin aluminum blank (i. e. 1/16" thick) with a die was
placed under the guiding tube, the pressure wave, propagating along the

tube, will hit and form it,

In this report, an attempt is made to formulate the principle and, with
some reasonable assumptions, find relationships between the various para-

meters,

An example is presented to illustrate the analysis and the results are

compared with the tests performed with such a device.

2.0 Theoretical Aspects

y, PAN.CA KE coiL Consider the pancake coil as

shown in the adjacent figure, and
© 0000000l T locooocoeco ol

he driver plate shown in motion
V\,/ —_— t

' AR ‘under the influence of the magnetic
DRIVER. PLATIE, force.

| 7 ,//////%/"_}/{/j//;«“_,’., —j Initially, the driver is placed in

—/ contact with the coil with only the
\

\ insulation (0, 02-0, 05 thick) placed

between them. The coil is con-

DIRECTION nected to a capacitor bank which

OF MOTION Y is used as the source of energy.

The operation begins with the
capacitor bank discharging through

1, Birdsall, D, H., Ford, F.C., Furth, H.P., Riley, R.E., Magnetic
Forming, Am., Mach. Vol, 105, No., 6 p.p. 117-121

2, Furth, H. P, Waniek, R, W., Am. Mach,, Jan, 22, 1962



the coil, Since inherently th: current changes with time, the magnetic
flux engulfing the aluminum driver plate also changes with time. This
change induces a voltage in the aluminum plate and thereby a flow of

current according to the aluminum resistivity.

The direction of the flow of current is opposite to the flow of current
in the coil, Thus we have a current carrying conductor in a magnetic
field. The conductor therefore is driven away from the coil in accordance

with the '"left hand'm rule of electricity

The current in the aluminum is given by:

. (
L=7 VXB . . . . . . ] (1)
r‘.

The force exerted on the driver is given by:

F:-'\.XB . . . - . . (2)

If we consider the coil lying in the xy direction then we obtain

the following:

e L 2(B)

_-E;L Y7 ‘ . . (3)

where the force is given in 1b/ft3,

It is now postulated that the penetration(s) of the magnetic field in
the aluminum plate is very small: the validity of this postulation will be

discussed later,

For anyone instant of time, therefore, we have from eq. (3)

§ 2
/EC’Z = -28—’5' = pressure exerted on the
4 Iz

surface of the driver plate; s= thickness of field penetration.

NB. The minus sign in equation (3) means that as )Bx increases as

0z

F decreases,

.
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Now, the electric density in the plate is due to two effects: a) voltage
induced by the change of the magnetic field with time and b) voltage induced

by the movement of the conductor,

Hence

=F + va : : . :
totat (4)

we also have from the general theory of electromagnetism

the following equations:

VxE = D1 = : . (5)

{
I~
3
8y
|
<
Y

(6)

(7)

Substituting from (5) we obtain

DB | x x R -V« (.V"B) . |
28 PV (p VxB) (8)

Equation (8) can be simplified by considering the coil in the xy

plane and motion in the Z plane,

Thus eq. (8) becomes:

VB
St -F\oz f( *%(V’B") | *
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The quantity - represents the penetration velocity coeficient (3)
/ cm .
(i. e. where h is the penetration coefficient e —5/
Séc

1/2

for aluminum, h =5, 6 in/sec ; hence if the pulse duration is 10-5 sec,

the penetration distance is 0, 0175 in, )

It is possible now to integrate equation (10) to obtain the following

(8‘)‘! //1 /& o dy - (Bc),, (11
N. B. The term ._.[?z )] is neglected on the basis that

the force (2 ) acts only on the surface of the driver;
W2
therefore, there is no change of force with respect to distance,

If the driver plate is thin, the first impact on its surface adjacent to
the coil will propagate through its thickness at the propagation velocity

of the driver,

For aluminum, C=220,000 in/sec; if the plate is 1 inch thick, the

wave front will traverse the thickness in 4, 5,1. sec,

Hence, if the duration of the first half cycle (useful time) is in the
order of 40 P sec, the wave front will traverse the thickness of the plate

nine (9) times. Each time the front traverses the thickness of the driver

(3) Diffusion of Electric Current into Rods, Tubes and Flat Surfaces,
K. W, Miller, AIEE Vol. 66, 1947 p.p. 1496-1502




the velocity between the two surfaces equalizes, Thus, it is assumed that
the velocity across the plate thickness is constant and that V represents

the plate velocity: Therefore, the energy dissipated in 3,‘2 ) V:
is negligible. 2/t

Furthermore, since the duration of the first half cycle is small, loss

due to ""current heating' is negligible

Thus //0 Z'ZJZ can be neglected,

Hence equation (11) can now be written as follows:

2 (/62 = &
W—t_/é; di = —/K-, ))‘(z‘_’-a)-dl. (12)

Equation (12) shows that the rate of change of the magnetic energy is
equal to the rate of change of work done in moving the driver plate along

the axis o(“' . Good coupling therefore can be expected,

3.0 Electrical Aspects

In an L. C. R. circuit, the following equations are valid:

For an oscillatory condition with damping;
_R¢
Yo
L=t_¢e“simw,t . : : (13)
ws XL

/ R?
and - - _ Kk . . (14)

For an over-damped condition¥;

-Ft p

I:y_':’_ (LZLS/nKa/_‘f : . . sy
W Xo

and / _ﬂ_l / (16)
W, = Vg~ 2y

Equation (13) can be shown graphically as follows:
I
/\ N\
N7 =

*See electricity and magnetism by C.J. Smith,




Equation (9) on the other hand varies as follows:

The time required to reach

peak current in the over-damped

condition is given by:

—
o —tp { o] tar! 2L
P R

(17)

L . R 1
For the highly over-damped condition (2\_ >> L

! |
é,o is approximately equal to i
Wy

R

For slightly over-damped 21 < C L> and highly damped systems

the time to reach maximum current is the same., In the tests that were

carried out this time was between 50 - 100/&sec.

It is generally known that the induced voltage is given by

where 49 = magnetic flux
and N = N of turns

For a two turn secondary coil we have:

V=-2dé
dt
The value of cl) is given by:

¢ =/8Rrrdz . : . (20)

2o

. . (19)
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Y ~ DRIYER PLATE

The magnetic density component By for a pancake coil is given by:
g . ML [ Dy 2nX
x* A2
m w? : - ©(21)

where I - current

A - vertical distance from the coil
) - number of turns

W  width of the coil annulus

Since o <<W2‘ ) % (21) can be written as follows:

. I
B = 7z

2 2
Hence *:/XZTVG,Z.:/“‘IV gﬁv -./LII"‘/*\"Z_Z. «o(23)
2 °
b 3

(22)



Substituting in eq. (21) we obtain:

=-2dd —_ 2. 1Ir
_\7 Zdt— Zr-z jz Zf{,f/hzdt C (24

where :Z ..;_Z_ and Y = average radius of the coil
0

It is easily deduced from equation (24) that:

A =Z/4,r"al/i15

(25)
and La2= 2/«'"/“2
From equation (12) we write the following equation:
‘ 2
e 4 "0 . (26)
Re-writing eq. (22) we have;
6 _ p L'
2 Byixt ' | D
Hence, cornb1n1ng eq. (26) and (27) we obtain:
dl _
"'6"—2_11 _8_7,___,{:‘___--—-
(Note that I is only a function of time. )
Thus AL _ 2V, L . : . (28)

dt 7 -

integrating and observing that [=I»m,¢ when Z= Imxwe obtain the

following: 7 2 I
”'(Zmax) (m) T ' ' (29)

Tmay
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Equation (29) shows that as long as —d% is positive j..,_g: is positive;
at ':‘&-O the magnetic force is either not effective or it attracts the
driver plate, At this point, the plate will begin decelerating under the force
/ZCW AP Vl starting with the initial conditi,onvs Y= me at, 1 =Zm“‘.

The short duration of the pressure wave can be seen in Figure's 1,2.

This record was taken during operation of the electromagnetic transducer,

4,0 Equation of Motion

It is now possible to write the equation of motion for the driver plate.

From Newton's first law we have: A F = M C!;,"'t\‘,'
where AF = summation of forces acting on driver plate
M - mass of driver plate
V = driver plate velocity
t - time

It was stated earlier that the driver plate is thin and therefore any
force acting on its top surface will transmit without gradients across to

the surface below, The force acting on the top is given by:

AB, A 1*
( 21 r'81r R ' ' ' (30)

where Ap = driver plate area

The water which is in contact with the lower surface (see diagram of

apparatus) will react with a force: °

/;C.,,A,,\/ :

' (31)
(momentum equation of pressure wave P- f c.vV)
Thus the equation of motion is:
MedV o 2~ Apl’ _ /o Cu Ap Vv
dt ' gy'zt
9



IL
or dV +/CW Ap = /‘__'__4&____- . . (32)
gt PtV G

Now, when the system (capacitor bank, triggering switch, leads, coil,

etc., is underdamped, eq. (24) can be written as follows:

-LBe
dv'\'O(V 36 sinta/t i ) . (33)
dt 22-
2
fo G AP and /. /"Af v
where 0(; —_— =l
7 ér XL
Considering equations (29) and (33)Eve have the following equation:
/ - &
sl_:f_mv-,—?_lrm.a«.eﬁmwt .
w erz/g 81,”7" X,
The solution of (34) can proceed as follows:
R : .
J0EY) g T &8 3'1' . AN
e 5%) mox (s fnwl=P )
7 .
dt b

w '/_ -
where ¢ caowZHsm«/t and -/ = ¢,

After integration we take only the imaginary part of the solution

Integrating (35) we obtain (L pwi)k
<t g JOE
Ve =0 2 tC
3 :l--— +wz)

w)(&tC C = COnsTont o,l m?‘a?r'a/'/an.

or

W-7 )t
,3 Ima« G_Mf[ )smwf-u/co.swt C )+ w
Lo ( 2L ) +

10
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an

- “y
V= /Im‘_ ¢ «t [/q"/ ant_ cosujf.]_ )
Lo W (G—Z—Z)A | o)

Equation (36) can be written in dimensionless form as follows:

Y
VZM - “%' )smwt‘ -eorwlf¢ 7;/ -(31)
' Tmon /i_:

w

The parameter Vz ﬂw
2/ J
for p we obtain the following:
?
V- Vimar W BTV lpm g wl o
Rewriting eq. (37) we have: ( .g}t. .
-xt
— * "[‘— ﬁnwz' / WUZ( +/

Y = (37)
“+/
u/

It was found previously that the resistance and inductance in the

is dimensionless; substituting

(38)

driver plate are given by:

R Z./A—r'a'/nz

4 dt
an /
! = Z/Gr nx  _
e
During the initial stages 2 —‘—'/ whereas ——— is a large number.

Jdt

Thus, the reflected resistance dominates and the system is overdamped.

From test results (see Figures | ;Z ) it was deduced that for one

particular case the system was overdamped, or near critically damped.

11



The equivalent to equation (37) can, in this case, be written as follows:

ORTIRY () L a codif
- B loer /4) v/ e

wme N V/;%)ié/z

Equations (37 and (39) provide a relationship between the plate vel-

ocity and time., The equation can be integrated again to give the plate
displacement versus time relationship; this, however, is not necessary

at this time.

From the momentum relationship of the wave in water, (i. e'/ﬁ;(“/ V
= P where P is the pressure of the propagated wave), the analytical work

can be compared with the experimental results,

A Kistler Pressure Transducer records the pressure versus time

profile; the profile is then converted into a velocity versus time relation-

ship, This relationship is then compared with the theoretical relationship

given by Eq. (37) or (39).

In the preliminary work, equation (33) was solved graphically,
Although it did not include the boundary conditions which were imposed
later, the effects of insulation thickness, capacitor voltage, and damping

were shown clearly. See Figures 7 and 8,

5.0 An Arithmetical Example

Using the test results as a guide, it is noted that the time to reach

dL and ig=0
dE

the peak current was 100 u sec., remembering that <=
t

represents the point at which the driver plate is either completely un-

coupled or coupled in the opposite direction.

Furthermore, if the system was overdamped, the time to reach

peak current is given by tr-'——.- where N=\/E&\ [
N ) -z

12
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|
Therefore, N= r ,‘/aé= 0.77‘/0"/

4, loo see T
Since neither L nor R are known, it is first assumed that -~ — )2
2L cl

Now, the inductance of the coil with the plates on either side is taken

as 0.36 /- henry.

v 4 ¢
with C= Q60/~f ) C_,_/L— -"8.7:/0 : Therefore j% = 7‘31'/0 Sit

’ ’
The value Nt is small enough to allow Sln-%Nf_l'N['and w>4Nt-:'1
i
a(so mhufl‘ ‘ (the same result is found by considering 5,},«;[‘:,‘;&
and CODWL—_"./ )

Either equation (37 or (39) can be used.

Thus substituting in eq. (37) we obtain the following
V=3bq&7u¢, t-= SOPS&C_.
Y-202  t- 30

Y= 10 t =10 See Fa'i 3.
where the parameter ;Zm:\,x hN‘ was calculated
as follows: ﬂ IW
/ - -
/ oy _ man Y p AP = 4205:
= 7 2
LGN 8T Mp N'L Dye

and
IMM = 30,000 MP
V = 11.10° volls
poo= 4T ol A“”“{/m
Ap = 13 in®

13




= 1Ly Ib

m

L = 0'/2/«_%@4‘&7"‘
gyw-.: 0.07 "’1.
Lo

= 00§ (/;;eifatollCLfc;501 é@ZZ2¢h52’7 CJD/z/¢3hc//9422€)

N.B. 1. from the preliminary solution given in the last inonthly report,
it was found that the plate moves only a few thousanths for all the

cases, during time tp

When fLI.';o , it was found that _J___! must reverse: this indicates

that the plate is no longer repulsed but instead it is attracted towards the
coil, The plate, however, cannot reverse instantaneously, because it has
forward momentum., Thus while V is decreasing, it is nevertheless

positived*

Thus, the induced voltage is considerably reduced.

(i. e. V=—- 2”"{' ' j-—;—zi - fr/nfda_g ). The plate therefore

decelerates under the opposing force p(v. More precisely we have the

following:

dY + XV =0
dt

(40)
—yan
and V:C, '3
o to
T Vma €
- -
Therefore _V_ P (41)

* The inductance L, is the total inductance of the system; more details will
be given in the next monthly report.

%% It must be noted here that s!_z is no longer identified with the velocity
of the plate when uncouplingﬁmas taken place.

14
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The deceleration, however, may be assisted by some attraction from
the coil: this is indicated in the tests, Alternately, if coupling in the
opposite direction is the dominating force then the declerating phase is
governed by the same equations as in the accelerating phase with g'_’?

' dt
negative and the boundary conditions Y= VM ot ta tl° and

V = O at the end of the pulse,

The energy under the wave pulse is equal to approximately 1500 joules.*
The energy stored in the bank was 58,000 joules. This will indicate that
the coil is only 2. 6% efficient,

In the analysis, however, it is shown that the pulse is short, because
of the reversal of the current: thus, the energy delivered to the plate is

inherently dependent on the characteristics of the particular energy source.

By contrast this dependence does not exist in the EBW effect since the

current cut-off is associated with the explosive backward voltage of dL
&

In the E. B, W, , the size of the wire can also change the cut-off time. In
the transducer, attempts can be made whereby a change of the source

characteristics can extend the positive EJ__I_ and thereby increase the

dt

energy delivered to the coil,

The coupling is at present estimated to be 50-70%. More details,

however will be given in the next monthly report.

In summary, there are indications that coupling of the coil to the
driver is better than E, B, W,, but its efficiency, based on the character-
istics of the bank described previously, is considerably lower, In addition
the energy delivered to the plate is uni-directional and therefore more

controllable than the E, B, W,

To improve on the efficiency, it is necessary to consider the trans-
ducer with the capacitor bank that it is connected with, There is quite a

difference in the results between the 960 uf and 240 uf bank. (see Figs. 4,5, 6)

6.0 Other Activity

It was found that using a pancake coil has definite electrical advantages

% EnerGy = ___A__E/alq/t
“ho 15



but it presents a serious problem structurally., Coils with different
epoxies and fiberglass re-inforcements were made and tested. There
are indications that the 12" pancake coil cannot withstand '"delivered
energies'" more than 2000 joules, The requirement of minimum separation
between plate and coil does not allow a buildup of re-inforced epoxy on
either face of the coil, From the results of the analogue computer shown
in last months report, the separation distance is a very important para-
meter because it affects the magnetic pressure as the inverse of its
83 /

. LIPS v . .
square, (i.e. 2‘— ‘zﬂ. } In the tests this was indeed found to be
important, A good compromise was found at 0.09 in. in the front face

and 0, 125 in the rear.

Two methods were used. a) the coil was free to follow the driver plate
vertically and b) the coil was held on its periphery., In both cases the
coil was placed between the aluminum plate and the bottom driver plate,

See Fig's., 4,5, 6,

While other tests were made, the generated wave has been used to form
a 28 inch dome., There are indications that higher wave pressures than

those used so far are required to form the final stages of the dome.

In all the tests a Kistler pressure transducer 6171 was used to sense

the wave pressure,

In case (b), there is vacuum created between the coil and the driver
plate, during the discharge, which pulls back and re -poéitions the driver
plate at the end of the cycle. This allows the frequency of applications to
be as high as one every 5 seconds. It must be done with caution, however,
because if the plate is nbt pulled back in place, the coil will be blown out
in the following discharge under the influence of the top plate. A mech-

anism to check the re-position will soon be installed,

In summary, a pancake coil was built and tested with 58,000 joules at
960 uf and with 23,000 joules at 240 uf. The coil is located between two
aluminum plateé one of which is free to move against a water column
vertically, and the other against a column of rubber pads. (see Fig. 6 ),
Furthermore the coil is held at its periphery, The driver plate is re-
positioned by the vacuum created between the coil and the plate. Pressure

records with 617L Kistler gauge were taken,

16
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Anticipated work during January 1 to February 1

1.0 More examples will be worked out theoretically: the results will

be compared with test results. In these runs other parameters,

(i. e. plate weight, separation distance, coil turns) will be varied.

2,0 Attempts to design a structurally stronger 12" coil will be made.

3.0 Attempts to form a 28" dome completely will also be made.

17
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Capacitor Bank: 11 KV, 960 uf, 58,000
Joules
0.2 m sec/cm 38, psi/

cm
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Capacitor Bank: 11 KV 960 uf, 58, 000
Joules
50 u sec/ ., 7700 psi/

ELECTROMAGNETIC TRANSDUCER PRESSURE RECORDS
FIGURE 1




Capacitor Bank 14 KV, 240 uf, 23,520
Joules
0.1 m sec/cm> 1540 psi/cm

Capacitor bank: 14 KV, 240 uf, 23,520
Joules
50 u sec/cm 770 psi/em

ELECTROMAGNETIC TRANSDUCER PRESSURE RECORDS
FIGURE 2
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Case b) - The coil is held on its periphery

12" PANCAKE COIL. 21 TURNS

Insulation thickness: Front = 0, 05 in,
Rear = 0,100 in.

FIGURE 4
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upper aluminum plate

driver plate

guide tube

Case b) - The coil is held on its periphery

PANCAKE COIL ASSEMBLY
FIGURE 5

e
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Rubber pads

Pressure transducer

Case b) - The coil is held on its periphery

ELECTROMAGNETIC WAVE GENERATOR
FIGURE 6
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